Abstract: A revised pre-Jurassic chronology is presented for the Antarctic Peninsula on the basis of new U-Pb zircon dating, using both conventional (11 samples) and SHRIMP microprobe data (10 samples). The age range for plutonism and high-grade metamorphism is from 435 8 Ma (Silurian) to c. 206 Ma (approximately the Triassic-Jurassic boundary), with peaks of activity in Devonian, Carboniferous, Permian and mid-Triassic times, although some are represented by rocks with limited outcrops. The new data confirm the importance of Mid-and latest Triassic magmatic events, previously identified using Rb-Sr geochronology. The Adie Inlet gneiss, previously thought to be Neoproterozoic, is recognized as a Permian migmatite derived from paragneiss with a provenance dominated by Cambrian granitoids. Granite gneiss from NW Palmer Land, previously dated as Cambrian, is shown to be Triassic. Detrital zircons in metasedimentary rocks, and inherited zircons in granitoids, are dominated by Mesoproterozoic to Cambrian components, with sparse Palaeoproterozoic to Archaean grains, suggesting sources within Gondwana. At times these sources were nearby, as shown by an Archaean cobble-sized granite clast from a Permo-Triassic conglomerate; another clast in the same conglomerate, previously thought to be Devonian in age, has an Ordovician crystallization age.
The Antarctic Peninsula, one of the major crustal blocks of West Antarctica, is a key component of the proto-Pacific margin of Gondwana. It separated from South America in Miocene times (Barker & Burrell 1977) , but this was merely the last stage in a break-up process that began with a major Jurassic rhyolite eruption episode (Storey et al. 1992; Pankhurst et al. 2000) . Exact spatial relationships within southwestern Gondwana, especially during the Palaeozoic, and when and how often they might have changed, are still a matter of debate. Harrison et al. (1979) and Miller (1983) proposed the controversial view that in Late Palaeozoic times there may have been considerable overlap between the peninsula and the western edge of Patagonia. It has also been suggested that Patagonia itself was an allochthonous terrane that was accreted to the rest of South America during Late Palaeozoic times (Ramos 1984) . It has recently been proposed that the Antarctic Peninsula itself is composed of three distinct terranes, which may have been amalgamated during Late Jurassic collisional events (Vaughan & Storey 2000) .
The most effective way of resolving these questions would be by detailed comparison and correlation of the pre-Jurassic tectonic history of the Antarctic Peninsula with that of the surrounding parts of Gondwana, especially Patagonia. Unfortunately, 'basement' rocks are very poorly exposed throughout the region; large areas are hidden, in the Antarctic Peninsula by ice and in Patagonia by Mesozoic sediments, and the western parts of both regions are confused by Mesozoic-Cenozoic ('Andean') deformation and magmatism. Exposed basement outcrops are small and sparsely distributed, and the rocks are often altered or affected by the later events. Correlation of tectonic features between distant outcrops is difficult and crucially dependent on reliable high-precision geochronological assignment of events. This paper is intended as a major contribution towards this objective. We present the most comprehensive and detailed geochronological analysis of the pre-Jurassic basement of the Antarctic Peninsula yet possible, based largely on new U-Pb zircon dating by both conventional and ion-microprobe (SHRIMP) techniques.
Geological background
Early interpretations of the stratigraphy of the Antarctic Peninsula area (see Fig. 1 ) drew analogies with that of southern South America as it was then understood. The western margin is dominated by the plutonic rocks of the 'Andean' Antarctic Peninsula batholith, which is essentially a continuation of the Patagonian Batholith and is mostly Cretaceous to Eocene in age. These granitoids were emplaced into earlier volcanic rocks referred to as the Antarctic Peninsula Volcanic Group (Thomson & Pankhurst 1983) . The latter were once thought to be uniformly Late Jurassic, but it is now appreciated that subduction-related volcanism continued into Tertiary times. Adie (1962) recognized three rock groups that predated the Jurassic volcanic unconformity in Graham Land (the northern part of the part of the Antarctic Peninsula).
(1) A ?Late Palaeozoic turbidite sequence in the northernmost Antarctic Peninsula, metamorphosed to low grade and known as the Trinity Peninsula Group (Hyden & Tanner 1981) . This is considered to be an accretionary complex, and similar rocks in the offshore South Shetland and South Orkney islands are regarded as correlative. It is also thought that the higher-grade (greenschist to amphibolite) metamorphic rocks of the offshore area, the Scotia Metamorphic Complex of Tanner et al. (1982) , is derived from this same protolith, although it has metamorphic ages as young as Cretaceous. Most of these ideas will be investigated in a future paper.
(2) ?Palaeozoic igneous rocks. These were recognized on the basis of field evidence for pre-volcanic emplacement and consisted of a number of granitoid bodies and xenoliths in later rocks, often foliated. It was thought that they had experienced a pre-Jurassic orogenic event. However, many of these rocks have subsequently proved to be Mesozoic in age (see below).
(3) 'Basement' metamorphic rocks of possible Precambrian age. These were postulated on the basis of small, isolated, outcrops of granitic orthogneiss, migmatite and layered paragneiss, found especially on the East Coast of Graham Land. Subsequent mapping showed that such rocks are present throughout much of the peninsula, including Palmer Land. There is no direct evidence for the age of these rocks, apart from radiometric data.
Previous data have usually been presented with these distinctions in mind, and are discussed in this context in the following section. However, it is apparent that the distinction between foliated igneous rocks and orthogneisses has often been rather subjective, and the interpretation of the ages obtained on such rocks as representing either an igneous or a metamorphic event is therefore difficult.
Previous geochronology

Trinity Peninsula Group
Pankhurst (1983) produced a Rb-Sr errorchron age of 281 16 Ma for mudstones and siltstones of the Trinity Peninsula Group from Hope Bay at the northern tip of the Antarctic Peninsula (Fig. 1) . This age was interpreted as dating Late Carboniferous-Early Permian deposition and diagenesis. Similar, albeit less precise, ages were obtained by Rex (1976) , Hervé et al. (1984) and Hervé et al. (1992) for schistose and phyllitic equivalents in the South Orkney and South Shetland islands. Another supposed equivalent, the Miers Bluff Formation, South Shetland Islands, has yielded an errorchron age of 243 8 Ma, which was interpreted as dating Early Triassic deposition (Willan et al. 1994) . Finally, statistically better isochrons for the Trinity Peninsula Group (s.l.) with younger ages of 232 5, 213 38 and 204 7 Ma were thought to reflect Triassic deposition followed by low-grade metamorphic disturbance (Trouw et al. 1997) . These last authors emphasized the progressive metamorphic transition to the higher-grade rocks of the Scotia Metamorphic Complex (Tanner et al. 1982) , and the probable diachronism of deposition of both rock groups.
Pre-Jurassic igneous rocks
In the first geochronological study of the Antarctic Peninsula, Rex (1976) presented a K-Ar age of 370 Ma for 'muscovite granite' from the northern Antarctic Peninsula that has never been confirmed and probably referred to erratic boulders. At View Point, only 20 km away (Fig. 1) , granitic cobbles in a Trinity Peninsula Group conglomerate yielded Rb-Sr ages of 386 39 Ma (Pankhurst 1983) and 398 15 Ma (Loske & Miller 1991a) , as well as a U-Pb zircon age of 384 Ma (Loske & Miller 1991a) , although in the present study we obtain a much older age for a typical sample. Tangeman et al. (1996) reported an upper intercept U-Pb zircon age of 431 12 Ma for a foliated granite clast from a sheared conglomerate on Horseshoe Island, off the West Coast of the Antarctic Peninsula (Fig. 1) . Pankhurst (1983) presented whole-rock Rb-Sr isochron ages for in situ rocks of supposed pre-Jurassic age from the Antarctic Peninsula, and showed that many were actually Cretaceous in age (i.e. part of the batholithic suite). The earlier mistaken stratigraphic identification resulted from misinterpretation of field relationships with the volcanic rocks and incorrect inferences from their deformation, which is more often due to strain during emplacement than to orogeny. However, at Target Hill, on the East Coast of Graham Land (Fig. 1) , garnetiferous granite sheets cutting orthogneiss gave an age of 334 36 Ma. Milne (1990) and Milne & Millar (1989) investigated this last area more thoroughly. They produced Rb-Sr whole rock isochron ages of 426 12 Ma for granitic orthogneiss and 410 15 for foliated granodiorite, together with Sm-Nd garnet-whole-rock isochrons indicating Carboniferous amphibolite-grade metamorphism (331 8 Ma and 311 8 Ma) that was presumably penecontemporaneous with the granite sheets. Milne (1990) reported Rb-Sr isochron evidence for emplacement of granites at 325 10 and 324 4 Ma, as well as syn-metamorphic pegmatites at 297 3 Ma. A further, albeit indirect, indication of Carboniferous magmatism is represented by a U-Pb zircon age of 315 for a hornblende gneiss xenolith in a Jurassic dacite near Hope Bay (Loske & Miller 1991b). Triassic and/or earliest Jurassic ages (200-220 Ma) have been reported for granitoids from a number of areas, including the east coasts of Graham Land (209 3 Ma, Pankhurst 1982; 204 6 Ma, Hole et al. 1991) and Palmer Land (221 14 Ma, 209 25 Ma, 206 3Ma, 199 7 Ma, Wever et al. 1994; 232 4 Ma, Scarrow et al. 1996) . These granitoids have often been taken as marking the initiation of the subduction-related Antarctic Peninsula batholith (e.g. Leat et al. 1995 ), but we are no longer convinced that this is the most appropriate tectonic interpretation of this magmatic episode. Although this group includes some metaluminous granitoids, they are more commonly anatectic, peraluminous S-types. Regardless of their relationship to the batholith, they potentially contain inherited information about the preexisting crust and will be treated in this paper as a component of the basement. Harrison & Piercy (1992) . From the second of these localities (Campbell Ridges, Fig. 1 
Basement gneisses
Analytical methods
The poor precision of many of the previous data, and the consequent difficulty of comparing them and deducing their regional significance, showed the need for a new high-precision geochronological approach. The data presented in this paper are all based on U-Pb dating of zircons. For the crystallization age of simple igneous zircons, the most precise results are often those obtained by conventional low-blank dissolution and thermal ionization mass-spectrometry at the NERC Isotope Geosciences Laboratory, UK. Procedures for this follow those of Krogh (1973) as previously reported by Vaughan & Millar (1996) . Zircon concentrates were hand-picked in order to select the most pristine euhedral crystals (1-20 grains according to size and abundance). These were abraded to remove outer portions that may have suffered Pb loss (Krogh 1982) , washed in hot concentrated HNO 3 , and weighed with a combined 235 U-205 Pb spike into steel-cased PTFE bombs. Dissolution in Teflon-distilled HF was carried out at 200 C for approximately one week, and was followed by conversion to chloride form via HNO 3 and HCl evaporation steps. U and Pb were separated on miniature Dowex-1 columns and the combined fraction was loaded on a single Re filament assembly and analysed on a VG 354 mass-spectrometer. Data were reduced using PbDat and Isoplot programmes (Ludwig 1989 (Ludwig , 1999 and are summarized in Table 1 . For more complex multi-stage zircons, and for the provenance patterns of inherited zircons, ages were determined using a Sensitive High Resolution Ion Microprobe (SHRIMP) at The Australian National University (Williams 1998 ). An epoxy resin mount was prepared from a selection of 50-100 grains, ground half-way through, polished and Au-coated. Internal zoning and the characteristics of individual grains were mapped by a combination of microphotography and cathodoluminescence (CL) imaging. Targets were carefully selected so that clean areas, free of cracks, inclusions and radiation damage could be analysed, in order to date specific phases of zircon growth. Analysis was carried out with a primary O beam and secondary ion beam intensities were measured using an ion-counting detector. Calibration was carried out using chips of laboratory zircon standards mounted together with the samples (mostly AS-3, a 1099 Ma zircon; Paces & Miller 1993) . Data were reduced using in-house programmes for background, mass bias, calibration and common-Pb corrections; the full data set, comprising 254 SHRIMP spot analyses, is available from the Society Library and the British Library Document Supply Centre, Boston Spa, Wetherby, West Yorkshire LS23 7BQ as SUP No. 18166 (6 pp.). Concordia plots and ages were derived from the processed isotope ratios using Isoplot/Ex (Ludwig 1999). SHRIMP data plotted on Tera-Wasserburg plots are uncorrected for common Pb. All errors on ages presented in this paper are given at the 2 level.
U-Pb results: pre-Mesozoic basement rocks
As indicated above, we feel that the interpretation of geochronological data in terms of distinction between pre-Jurassic igneous and metamorphic events cannot always be clearly made. For this reason, the interpretation of individual results is considered simultaneously with presentation of the new data.
Adie Inlet gneiss
The Adie Inlet locality ( Fig. 1) consists of chaotic quartzofeldspathic migmatites, sometimes displaying sub-rounded enclaves within a leucogranite gneiss matrix. The more mafic enclaves are of dioritic or amphibolitic composition, and one of these was selected for dating. Conventional U-Pb analysis of small populations of zircon, and of single grains, gave complex, highly discordant results. The enclave sample was therefore studied in more detail using SHRIMP. CL images reveal a wide variety of zircon types (Fig. 2) . The great majority of grains have unzoned to weakly zoned nonluminescent overgrowths. The zircon cores vary from rounded to prismatic, and are dominantly weakly to strongly luminescent, euhedral, and zoned. Some cores show evidence of more than one generation of zircon growth. Many prismatic cores have rounded or broken terminations.
The zircons show a complex distribution of U-Pb ages, ranging from 230 up to 1880 Ma (Fig. 3a) . Seventeen analyses of non-luminescent overgrowths have high U and low to moderate Th; Th/U is low (<0.08), consistent with growth during migmatization of the gneisses. The majority of the data for these overgrowths are near-concordant when corrected for common Pb using 204 Pb, but show considerable scatter about a regression age of 261 9 Ma (MSWD = 2.4; 2 error). The scatter in the data may result from Pb loss, or minor inheritance of older zircon. Outliers were excluded by visual inspection of a probability plot (Ludwig 1999), leaving a group of eight data points which give a tight fit to a weighted mean 206 Pb/ 238 U age of 258 3 Ma (MSWD = 1.3, 2 error), which we take as the best estimate for the age of migmatization of the All zircon grains were picked from the non-magnetic/non-diamagnetic split on a Frantz LB-1 Magnetic Barrier Separator. All grains were abraded prior to dissolution. g = number of grains. Fig. 3b ). These cores are moderately luminescent, and have zonation patterns and U/Th ratios (0.410-0.88) typical of igneous zircon. Occasionally, the c. 520 Ma zircons carry older cores. Some c. 520 cores have rounded or broken terminations predating the growth of the c. 258 Ma migmatitic overgrowths. The remaining zircon cores show a wide range in age; a cumulative frequency plot (Fig. 3b) At first glance, the dominance of the c. 520 Ma igneous zircon cores might suggest that the analysed enclave represented a Cambrian granitoid that was strongly migmatized in Permian times. However, the combination of CL imaging and SHRIMP dating does not support this interpretation, for the following reasons.
(1) The enclave contains rather sparse zircons of Devonian, Silurian and Ordovician age, which nevertheless appear to form discrete populations, and do not appear to result from Pb loss from the Cambrian zircon population (Figs 2a & 3a) .
(2) A number of Precambrian zircon cores carry Permian metamorphic overgrowths, with no intervening Cambrian zircon (Fig. 2b, c, d, e) .
(3) The Cambrian cores often show rounded or broken terminations, suggesting that they underwent transport in a sedimentary cycle prior to Permian migmatization (Fig. 2f) .
We therefore interpret the analysed enclave from the Adie Inlet gneiss complex as a paragneiss. The age of deposition of the sedimentary protolith is not known, but must be between c. 290 Ma (Permian) and c. 390 Ma (Devonian). The source region from which the protolith was derived was dominated by Cambrian granitoids.
Mount Eissenger orthogneiss
Banded migmatitic orthogneiss occurs at Mount Eissenger in NW Palmer Land (Fig. 1) , where it is cut by amphibolite sheets, and separated from a late Jurassic gabbro by a major Late Jurassic shear zone. Zircons were separated from samples of migmatitic leucosome and grey orthogneiss from the gneiss complex. Under CL, the zircons from both samples show moderately to highly luminescent cores, which are commonly strongly resorbed, with unzoned to weakly zoned nonluminescent overgrowths, and a final, thin, non-luminescent overgrowth phase (Fig. 4b) .
Four fractions from the migmatitic leucosome were analysed using conventional techniques, each fraction containing several tens of grains ranging in size between 90 µm and 150 µm (Table 1 ). All four data points are discordant, and lie on a discordia indicating an age of 225 20 Ma (MSWD = 5.9); excluding a single fraction which falls off the line leaves three fractions, which define a discordia with a lower intercept at 229 3 Ma (MSWD = 1.3), and a poorly defined upper intercept at c. 570 Ma (Fig. 4a) . The Triassic age is thus interpreted as that of migmatization, whereas the upper intercept age is meaningless, reflecting an average for primary igneous zircons and inherited zircons from the protolith. One large single grain (not shown in Fig. 4a ) was strongly abraded in order to remove the Triassic overgrowth. The resulting analysis was strongly discordant, with a 206 Pb/ 238 U age of c. 419 Ma. Assuming a lower intercept age of 229 3 Ma, the grain indicates an upper intercept age of 1067 37 Ma for its inherited core.
Of 28 spots analysed using SHRIMP, five analyses of non-luminescent overgrowths lie close to concordia on a Tera-Wasserburg plot at 225 5 Ma, whereas 12 analyses of cores scatter around a discordia whose lower intercept indicates an age of 422 18 Ma (MSWD = 3.7). The late, luminescent overgrowths on these zircons (Fig. 4b) were too thin to be directly dated. The zoned cores have moderate U contents (200-500 ppm) and moderate Th (70-500 ppm); Th/U ranges from 0.2 to 0.7, values typical for igneous grains. The analysed rims have high U (950-5100 ppm), and moderate Th (20-350 ppm); Th/U is low, generally 0.01-0.05, consistent with growth during migmatization of the gneisses. The age of 422 18 Ma obtained from the zircon cores is interpreted as the age of emplacement of the Mount Eissenger gneiss protolith. The scatter shown by the core data may reflect the presence of an inherited component only slightly older than the age of the protolith: 8 of the 12 points fall on a discordia on a Tera-Wasserburg plot with a lower intercept age of 421 7 Ma (MSWD = 0.13), while four grains define a slightly older age of 444 13 Ma. One zircon core is concordant at c. 1040 Ma, but the remaining analyses are strongly discordant and give mixed ages.
Zircons from a sample of grey gneiss at Mount Eissenger were also analysed using SHRIMP (Fig. 4b) . Six analyses of strongly resorbed cores give an age of 435 8 Ma, which overlaps within error with the age of cores from the leucosome sample, and is again interpreted as the age of protolith emplacement. The younger zircon populations show maxima at c. 202 and c. 227 Ma, which may reflect the influence of two distinct metamorphic episodes in Mid-Triassic and earliest Jurassic times. Although not directly dated, it is possible that the thin, luminescent overgrowths on the leucosome zircons (see above; Fig. 4b ) may have grown during the c. 202 Ma event. A single spot analysis from the leucosome sample has a (Fig. 4b) . This analysis has very high common Pb, and the 174 Ma age is not therefore thought to be significant.
In summary, the protolith of the Mount Eissenger gneiss complex is Silurian in age. The weighted mean 
Target Hill orthogneiss and metagranite
At Target Hill, a sample of granitic orthogneiss (R.5511.1) was collected from the same outcrop dated by Milne & Millar (1989) and abundant euhedral zircons were obtained. Three fractions were analysed using conventional techniques. Two fractions are concordant (Fig. 5a) (Fig. 5b) One single zircon core gives a concordant age of 382 6 Ma. The age of the zircon cores is similar to the age of the magmatic zircons in the Target Hill granitic orthogneiss described above. However, the zircon cores in the banded gneiss have average U and Th contents of 448 and 188 ppm respectively, significantly lower than average concentrations in the orthogneiss zircons (2253 and 654 ppm, respectively).
Together with the earlier Rb-Sr and Sm-Nd results of Pankhurst (1982) and Milne & Millar (1989) , the new age of 327 9 Ma for the Target Hill banded gneiss confirms the presence of a Carboniferous metamorphic/magmatic event. Moreover, we conclude from the SHRIMP data and CL images that the Carboniferous event involved partial melting of Devonian granitoids, similar to the Target Hill granite orthogneiss. No subsequent events are recorded in the Target Hill zircon data and we therefore assume that the deformation and metamorphism responsible for the formation of the banded gneiss complex also took place close to the time of Carboniferous anatexis.
Permian granitoids of North Palmer Land and South Graham Land
Permian ages have been obtained for deformed granites and granite orthogneisses in both NE and NW Palmer Land, and at Horseshoe Island in SW Graham Land (Fig. 1) . At Mount Charity, granites of three ages (Triassic, Jurassic and Cretaceous) were dated by Scarrow et al. (1996) using the Rb-Sr whole-rock method. The oldest age of 232 4 Ma was obtained from a mixture of deformed porphyritic and aplitic granites, with the slope of the isochron being dominated by the latter.
Three abraded fractions of zircon from porphyritic granite at Mount Charity were analysed using conventional U-Pb techniques. Analyses for one single-grain, and a fraction comprising three stubby prismatic grains, are concordant at c. 267 Ma (Fig. 6a) . A third fraction, comprising five stubby prisms, is discordant, with a 207 Pb/ 206 Pb age of 297 4 Ma. A discordia line regressed through all three points suggests an emplacement age for the porphyritic granite of 267 3 Ma (lower intercept), while the upper intercept, though poorly defined, suggest inheritance of c. 500 Ma age components.
CL images reveal that the majority of zircon grains in the Mount Charity porphyritic granite are weakly luminescent, with moderate zonation. Many grains have cores, which vary from rounded to prismatic, and are moderately to strongly luminescent. SHRIMP analyses of weakly luminescent grain rims (Fig. 6b) Fig. 6a ).
Horseshoe Island, in Marguerite Bay on the west coast of Graham Land (Fig. 1) , was noted previously as the site of a deformed conglomerate, from which a granitic cobble has yielded a U-Pb zircon age of 431 12 Ma (Tangeman et al. 1996) . Loske et al. (1997) analysed further samples, which gave a spread of ages from 419 to 448 Ma, with another at c. 255 Ma suggesting post-Permian sedimentation. A nearby outcrop of banded gneiss has an Rb-Sr composition similar to that of the Adie Inlet gneiss, with a model age of c. 640 Ma (Pankhurst, 1983) . A sample of a leucocratic band cutting the amphibolite layers in this gneiss (R.6160.1) is a weakly foliated tonalite that shows evidence in thin section for cataclasis. The separated zircons have a variety of sizes (50-400 µm in length) and are mostly subhedral. The CL images show that they are internally complex and that the subrounded forms are due to the prevalence of unzoned weakly luminescent overgrowths. The overgrowths generally have Th/U ratios of < 0.05 and have (Fig. 7) . Our preferred interpretation is that this rock is a Permian S-type granite and that the overgrowths grew during high-temperature metamorphism in the Late Triassic.
Granitoid clasts in Permo-Triassic conglomerate
Two granitoid clasts from the View Point conglomerate, NE Graham Land (Fig.1) , were analysed using SHRIMP. One of these (R.751.52) is from a typical fine-grained leucocratic granite clast which was included in the 386 39 Ma Rb-Sr errorchron suite of Pankhurst (1983) . A second sample (R.751.54) was taken from an atypical clast; a pale, foliated, granodioritic rock that does not fall on the 386 39 Ma errorchron; unexpectedly, its Rb-Sr and Sm-Nd systematics both yield Archaean model ages (T DM = 2605 Ma).
Sample R.751.52 has euhedral zircons which show simple igneous zoning in CL images. The SHRIMP ages, excluding two points that appear to have suffered Pb loss, scatter between 450 and 480 Ma (Fig. 8a) , with a weighted mean 206 Pb/ 238 U age of 463 5 Ma (MSWD = 1.8, n = 15). There is no indication of any older inheritance, nor of the Devonian event indicated by previous data (Pankhurst 1983 , Loske & Miller 1991a . The mid-Ordovician SHRIMP age is now the preferred estimate for crystallization of the source body of the majority of these cobbles.
Zircons from sample R.751.54 are euhedral but composite, with purple cores and greenish overgrowths; they are generally fractured and altered. Of the 20 spots analysed on SHRIMP (Fig. 8b) , six have very high common 204 Pb contents, but all lie on a discordia with a well defined upper intercept at 3161 13 Ma (MSWD = 3.4). There is no distinction between results from the cores and those from the rims. The poorly defined lower intercept is in the range Late Jurassic to Recent, but there is otherwise no evidence for any event other than Mesoarchaean crystallization. 
U-Pb results: Triassic magmatism and metamorphism
Triassic magmatism, already known in NE Palmer Land from Rb-Sr studies (Wever et al. 1994 ) has now been dated in igneous and metamorphic rocks from NW Palmer Land.
Campbell Ridges orthogneiss
In the Campbell Ridges area (Fig. 1) , migmatitic orthogneisses are intruded by gabbro and granodiorite, and cut by numerous sub-concordant granitic sheets and pegmatites. These rocks are of particular importance, because they have previously yielded apparent Palaeozoic ages (Harrison & Loske 1988 , Harrison & Piercy 1992 .
Zircons separated from a sample of the orthogneiss (R.5278.8) were colourless and euhedral, with aspect ratios between 2:1 and 5:1. CL images of the zircons show a wide variety of rounded, broken, and euhedral cores, with euhedrally zoned, moderately luminescent overgrowths; there appear to be two generations of igneous overgrowth on many grains. SHRIMP data from cores show a complex pattern of inheritance, with peaks at c. 460 Ma, 530 Ma, and 1000 Ma, and will be discussed in detail elsewhere. The data for the overgrowths are complex and presumably reflect growth during more than one episode. However, on a cumulative frequency plot (Fig. 9b) , there is a pronounced peak at c. 230 Ma, which must approximate to the age of the igneous protolith of the gneiss. Three multi-grain fractions were analysed by conventional methods, and define a discordia with a lower intercept at 227 1 Ma (MSWD = 1.0), which we consider to date crystallization of the gneiss protolith. The apparent upper intercept age of the conventional analyses is in excess of 1000 Ma (Fig. 9a) .
The new age for the Campbell Ridges orthogneiss is markedly different from that quoted by Harrison & Loske (1988 (up to 12 mg) fractions analysed by Harrison & Loske (1988) . We suggest that the upper intercept age (506 Ma) represents an average age for the inherited zircon population (the average SHRIMP age of 25 orthogneiss zircon cores analysed during the present study is 538 Ma). The lower intercept (c. 143 Ma) might represent the emplacement age of the younger granitoid sheets. Alternatively, given the degree of discordance of the data, both intercepts may be meaningless.
Harrison & Piercy (1992) derived Rb-Sr whole-rock ages of 440 57 Ma and 153 10 Ma for the Campbell Ridges gneiss. Several new analyses have subsequently been carried out (I.L. Millar, unpublished data), in order to test the validity of these ages. It is clear that the age of 153 10 Ma is derived from sub-concordant granitic sheets, and dates anatexis of the Triassic gneiss complex during a major, well-documented Late Jurassic/Early Cretaceous magmatic event (e.g. Vaughan et al. 1998) . The gneiss samples that define the 440 57 Ma errorchron (Harrison & Piercy 1992) were collected from several outcrops, spread over a c. 6 km traverse. The data from each outcrop form tight groupings on the regression line. We therefore suggest that the spread in Rb/Sr shown by the data reflects large-scale heterogeneity within the orthogneiss, as a result of different levels of assimilation of Palaeozoic country rocks by the c. 227 Ma magmas. This is supported by a decrease of c. 2 Nd units between the low Rb/Sr and high Rb/Sr gneisses (data in Millar et al. 2001) . The apparent age of 440 57 Ma therefore has no geological significance.
The new age of 227 1 Ma for the Campbell Ridges orthogneiss is within error of the age of migmatization of the Silurian Mount Eissenger orthogneiss (229 3 Ma; Fig. 4) . This suggests that a major episode of magmatism and highgrade metamorphism took place in the NW Palmer Land region in Mid-Late Triassic times.
Other gneisses of NW Palmer Land
Reconnaissance dating of zircons from gneissic rocks at several localities in NW Palmer Land demonstrates the widespread nature of the c. 230 Ma magmatism and metamorphism identified above.
At Fomalhaut Nunataks, in the eastern Pegasus Mountains (Fig. 1) , migmatitic gneisses and pyroxene-biotite gneisses were metamorphosed under granulite facies conditions prior to 186 8 Ma (Piercy & Harrison 1992) . Zircons separated from a sample of migmatitic gneiss form distinctive equant, euhedral grains, a form typical of growth under high-grade metamorphic conditions. Cathodoluminescence images show complex oscillatory sector and hourglass zonation. A single conventional U-Pb analysis (Table 1) At Sirius Cliffs (Fig. 1) , a complex of dioritic to granitic orthogneiss is cut by undeformed granitic intrusions, and faulted against a thick succession of pyroclastic rocks. Three populations of zircon separated from a sample of granitic gneiss were analysed using conventional techniques (Table 1) At Mount Markab, in the northern Pegasus Mountains, banded gneiss and amphibolite dykes are cut by a large-scale ductile shear zone. Ar-Ar dating of biotite from mylonitized gneiss within the shear zone gives an age of 141 1 Ma (Vaughan et al. 1998 ). This age is identical to that of major syn-magmatic shear zones elsewhere in NW Palmer Land (Vaughan & Millar 1996) . Two fractions of zircon separated from the mylonitic gneiss were analysed using conventional techniques (Table 1) . One fraction is discordant, with a 206 Pb/ 238 U age of 236 Ma. The second fraction touches concordia at 224 Ma. The preferred age of the gneiss protolith is 228 6, which takes into account both the lower intercept of a discordia defined by the two data points (223 1 Ma), and the 
Discussion and conclusions
One of the main results of this study (summarized in Table 2 and Fig. 10 ) is that there is no direct evidence for in situ basement older than Silurian in the Antarctic Peninsula. Gneisses at Adie Inlet, which were previously thought to have a Neoproterozoic protolith (Pankhurst 1983), are reinterpreted as Permian migmatites derived from a post-Devonian sedimentary deposit. Orthogneisses from Campbell Ridges, which have previously yielded an apparent Cambrian age (Harrison & Loske 1988) , are shown to be Triassic in age.
The presence of pre-Silurian lithologies as clasts in conglomerates may indicate the presence of older basement units within the crust of the peninsula. In particular, the presence of abundant Ordovician (463 5 Ma) granite clasts in conglomerate at View Point suggests that these may have a relatively local provenance. A solitary, Archaean (3161 13 Ma) cobble in the same conglomerate is by far the oldest rock yet identified in West Antarctica. However, this clast may have had a long history of transport and deposition, and we feel that it is unlikely that basement of Archaean age forms a significant component of the unexposed basement of the peninsula.
Evidence for pre-Silurian events are also supplied by detrital and inherited zircon populations. Detrital zircons in the Adie Inlet paragneiss are dominated by a Cambrian component (520 8 Ma), although the overall range in detrital ages is from c. 1870 to c. 330 Ma. The abundance of c. 520 Ma zircon in this sample suggests that it was derived from a terrane dominated by Cambrian granitoids. In contrast, inherited zircon in the Campbell Ridges orthogneiss is dominated by components at c. 460, 530 and 1000 Ma. We note the similarity between the prominent 460 Ma component in the Campbell Ridges gneiss, and the age of 463 5 Ma obtained from granite clasts at View Point. This may indicate the presence of a source of Ordovician detritus within the peninsula. A detailed analysis of the sources of detrital and inherited zircon in a broad range of lithologies from the Antarctic Peninsula will be the subject of a separate paper.
Silurian (422 18 Ma, 435 8 Ma) magmatism has been identified for the first time at Mount Eissenger, in NW Palmer Land. The age of these gneisses is similar to that published by Tangeman et al. (1996) for a conglomerate clast from Horseshoe Island (431 12 Ma). The orthogneiss complex at Target Hill in eastern Graham Land, which was previously thought to be Silurian in age, is now seen to represent a Devonian (393 1 Ma) igneous event. The Carboniferous magmatic-metamorphic event identified by Pankhurst (1983) and Milne & Millar (1989) at Target Hill is verified.
Our data have now established Permian granite emplacement as an important episode of magmatism, in both Palmer Land and Graham Land. This event is broadly correlative with Permian granite magmatism elsewhere in West Antarctica (Pankhurst et al. 1998 , Mukasa & Dalziel 2000 . Previous studies have identified Triassic and earliest Jurassic (>200 Ma) granites in the Antarctic Peninsula using Rb-Sr methods (Pankhurst 1982 , Wever et al. 1994 . Although the U-Pb data have now shown that the porphyritic granite at Mount Charity is significantly older (i.e. Permian), and this might therefore apply to some of the other bodies, they have also verified unambiguously the significance of granite magmatism at c. 230 Ma and c. 205 Ma ( , Millar et al. 2001 . They appear to represent a long period of high crustal heat flow and anatexis, entirely preceding the rhyolite flare-up event that started about 185 Ma ago in Patagonia and the Antarctic Peninsula and heralded the break-up of Gondwana (Storey et al. 1992 , Pankhurst et al. 2000 . This was also the case in southern South America, where rhyolites of the Choyoi Formation and contemporaneous granites range in age from Permo-Carboniferous to Late Triassic and cover vast areas northwards from the North Patagonian Massif (Llambías et al. 1984 , Rapela et al. 1996 . Granite emplacement continued until 202 Ma farther south in the Deseado Massif of Patagonia (Rapela & Pankhurst 1996) . The overall tectonic environment of this voluminous silicic magmatism is not clearly defined, although many authors have suggested crustal extension (e.g., Millar et al. 2001) or proto-subduction at the Pacific margin of Gondwana (see also reviews by Kay et al. 1989 and Rapela 1999) . In the terrane model for the Antarctic Peninsula proposed by Vaughan & Storey (2000) , a magmatic arc terrane (Central Domain) and accretionary complex (Western Domain) are thought to have been accreted onto the cratonic margin of Gondwana (Eastern Domain) during a Mesozoic orogenic event. Given this scenario, one might expect to see markedly different patterns of basement ages between these terranes. Our data show a number of features that may help in assessing and refining the terrane model for the peninsula (Table 2, Fig. 10) .
(1) The oldest in situ basement rocks outcropping in the Central and Eastern domains are of similar age (Silurian and Devonian, respectively).
(2) Ordovician granites were present in the source region of Trinity Peninsula Group sedimentary rocks, which were tentatively assigned to the Eastern Domain by Vaughan & Storey (2000) . However, detrital zircons of similar age are abundant in Triassic gneisses of the Central Domain.
(3) Permian and Triassic magmatic and metamorphic rocks are concentrated within the Central Domain, particularly in northern Palmer Land. However, the Adie Inlet paragneiss, which lies within the Eastern Domain, underwent melting during a Permian metamorphic event. We also note the presence of Triassic gneisses within the Eastern Domain at Joerg Peninsula in Eastern Graham Land (Hole 1986). Permian and Triassic magmatism and metamorphism have not yet been identified in the Central Domain in the northern part of the peninsula.
Although our data show no clear distinction between the age of basement rocks in the Central and Eastern Domains, the distinction between Central and Eastern domains was originally made in Palmer Land, where they are separated by a major shear zone (Vaughan & Storey 2000) . Basement outcrops in easternmost Palmer Land are restricted to a few outcrops of paragneiss close to this shear zone. Our samples from the Eastern Domain were taken exclusively from the northern part of the Peninsula, where the assignment of rock units to specific terranes is more speculative.
More systematic analysis of the detrital and inherited zircon components in Antarctic Peninsula sedimentary rocks and granitoids should allow us to place more constraints on possible terrane models. (1996) .
